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A high index dielectric nano-sphere can be excited and yet remain radiationless. A method to
excite the non-radiating anapole mode of a high index isotropic dielectric nanosphere is presented.
With tightly focused radially polarized beam illumination, the main-contributing electric dipole
mode and magnetic modes can be zero with only a weak electric quadruple contributing to the total
scattering. Further, with a standing wave illumination formed by two counter-propagating focused
radially polarized beam under 4pi configuration, the ideal radiationless ananpole can be excited.
Particles and objects which cannot be seen has been
a fascinating possibility both in popular imagination
and in the scientific community. Besides the practical
implications in modern day security applications it is
also of great interest in the general scientific study of
the universe[1]. There can be different possible types
of these objects which are radiation less. These can
be objects which do not scatter incident radiation[2].
There also can be time varying charge or current
distributions or atoms which do not radiate[3–6]. The
study of such non-radiative objects has been a part
of fundamental physics for a long time[7–9]. Studies
have aimed to understand the physics of these objects
from the perspective of self-oscillations of a charged
particle[10], scattering from non-absorbing particles[2]
and inverse scattering problems[5, 11] to mention a
few. Possible applications of this physics for design-
ing non-scattering objects are also being investigated[12].
One such case of a non-radiating sources is the
anapole. This was first introduced in elementary par-
ticle physics[13] and recently has been of interest in par-
ticle physics again[1]. The anapole mode arises when
the electrical dipole and toroidal dipole moment form
a nontrivial destructive interference[14–16]. However, it
is until recently that the nonradiating anapole mode is
experimentally demonstrated in the microwave range[17]
and in the visible wavelength range[18]. In Mie scatter-
ing theory, under certain conditions a specific multipole
mode from the vector spherical harmonics decomposi-
tion of the scattering field of an illuminated particle can
be completely suppressed. For example, the scattering
coefficient of the spherical electric dipole moment can
be zero at certain wavelength for a high index dielec-
tric nanosphere under plane wave illumination[19]. How-
ever, at the same time a strong and broadband mag-
netic dipole resonance can be excited in the high index
dielectric nanosphere[20, 21]. Therefore the nonradiat-
ing anapole mode of a nanosphere is difficult to observe
under plane wave illumination due to simultaneous exci-
tation of electric and magnetic modes. That’s why the
first experimental demonstration of anapole in the vis-
ible wavelength range[18] is done with a specially de-
signed nanodisk, instead of a sphere. Inspite of con-
structing the nanodisk for the specific anapole condi-
tion, the scattering from the particle cannot be com-
pletely reduced to zero due to the simultaneous excita-
tion of a magnetic quadrupole mode. Instead of specif-
ically designed structures[18, 22], in this work we pro-
pose an alternative way to excite the anapole mode of an
isotropic nanosphere with tightly focused radially polar-
ized beams. The focused radially polarized beam, which
has a pure electric field Ez and zero magnetic field at the
focal point[23] can efficiently excite electric dipole and
toroidal moment of the induced current at the anapole
conditions while keeping the magnetic modes suppressed.
In addition we show that when two focussed radially
polarized beams under 4pi configuration illuminate the
nanosphere an ideal non-radiating anapole is excited.
The configuration of the proposed anapole excitation is
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FIG. 1. (a). An dielectric nanosphere of refractive index
n=3.5 and radius r0 = 100 nm is illuminated by a focused
radially polarized beam in an optical system with numerical
aperture NA=0.86; (b). Normalized energy inside the particle
and the scattering power for a dielectric nanosphere at the
focus of a radially polarized beam.
shown in Fig.1(a), where a tightly focussed radially polar-
ized beam illuminates a high index dielectric nanosphere
of radius r0 = 100 nm and refractive index n = 3.5 placed
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2at the focal point. The surrounding medium is air but
the result holds for any high index sphere embedded in
a low index, homogeneous and isotropic medium. In the
numerical implementation, the focal field field of the ra-
dially polarized beam is calculated by the Richard-Wolf
diffraction integral[24] and then imported to a finite el-
ement method simulation[25] to calculate the scattering
properties of the nanosphere. In Fig.1(b) we show the
calculated spectral dependence of the scattering power
and the internal energy of the particle. Here the electrical
energy inside the particle WE =
1
2
∫
(EE∗)dr is normal-
ized to the focal energy Wf =
1
2
∫
(EfEf
∗)dr within the
same volume, when the particle is absent. We can clearly
see from the scattering power spectrum in Fig.1b that
only electric modes are excited by the proposed focused
radially polarized beam illumination. This selective exci-
tation can be attributed to the special field distribution
of the focused radially polarized beam, which has been
shown in previous works[26–28]. We also observe from
Fig.1(b), that at λ = 464 nm, the scattering power has
a minimum but the internal energy of the particle is 8
times higher than the energy at the focal volume of the
illumination, when no particle is present. This is a clear
indication that an induced current distribution exists in-
side the particle, while very little radiation is present out-
side. This is a clear signature of that an anapole mode
is excited.
In order to confirm that an anapole moment is ex-
cited, the field inside the particles is numerically cal-
culated and Cartesian multipole moment analysis[18] is
applied on the induced current J = − iω (n2 − 1)E in-
side the particle. The focused radially polarized beam
induces an inhomogenous current distribution inside the
particle. It excites not only the Cartesian dipole mo-
ment P = iω
∫
Jdr, but also the toroidal dipole moment
T = 110c
∫
[(r·J)r−2r2J]dr. The toroidal dipole moment,
featuring an electric poloidal current with a circulating
magnetic field, has exactly the same far field scattering
pattern as dipole moment. An anapole is excited if the
condition P = −ikT is fulfilled , where the electrical
dipole moment and toroidal moment form destructive in-
terference between each other, resulting in complete can-
cellation of their far field radiation.
In Fig.2 we illustrate the Cartesian dipole moment
and toroidal moment of the induced current inside the
particle under illumination of the focused radially polar-
ized beam. Both the electric dipole moment P and the
toroidal moment T have only nonzero z component, since
the focal field of a radially polarized beam in a high NA
optical system is dominated by a longitudinally polarized
electrical field Ez at the focus and the transverse focal
fields are radially polarized. At λ = 464 nm where the
anapole mode condition is fulfilled, the scattering fields of
dipole and toroidal moment have the same strength but
out of phase, resulting in complete cancellation of the far
field dipole mode. This proves that indeed an anapole
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FIG. 2. (a) amplitude and (b) phase of Cartesian dipole mo-
ment Pz and toroidal moment −ikTz of the induced current
inside the particle at focus. The left inserted figure in (a)
shows the induced current distribution at wavelength λ = 464
nm where the anapole mode is excited, the right inserted fig-
ure in (a) shows the pure dipole mode.
mode isexcited with the focused radially polarized beam.
According to the reciprocity theorem, an ideal non-
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FIG. 3. Radiation pattern(radiation power in arbitrary units)
of the particle illuminated by a focused radially polarized
beam at the wavelengths of (a) anapole mode and (b) electric
dipole mode.
radiating source can not be excited externally by a prop-
agating wave[5]. As the single focused radially polarized
beam has a net energy flow along the z direction, the scat-
tering of the particle can not be completely zero. This
can be seen in Fig.3: although the peak scattering power
at λ = 464 nm is 40 times weaker compared to the one
of electric dipole resonance at λ = 554 nm, it is not zero,
due to the influence of a weak electric quadruple radia-
tion. Since both electrical dipole and toroidal moment
of the induced current have only z component, one can
3detect strong scattering in the z=0 plane at the spheri-
cal electric dipole resonance λ = 554 nm. However, no
scattering can be detected in this plane when the anapole
condition is fulfilled at λ = 464 nm, as shown in Fig.3(a).
However, an ideal anapole can be realized with a non-
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FIG. 4. (a). A high-index dielectric nanoparticle of refrac-
tive index n = 3.5 and radius r0 = 100 nm is excited under
4pi configuration, where the two counter-propagating radially
polarized beam have exactly the same intensity but pi phase
difference; (b). The normalized internal energy and the scat-
tering power of the particle excited under the 4pi configura-
tion; (c). The focal electricl field form by the two counter-
propagating radially polarized beam under 4pi configuration;
(d). Total electric field of the particle excited by the focal
field in (c) at the radiating anapole condition λ = 464 nm.
propagating excitation field. Such an excitation field can
be formed by the interference of two conterpropagating
focused radially polarized beams under a 4pi configura-
tion, as illustrated in Fig.4(a). The scattering power and
internal energy of the particle under such illumination is
shown in Fig.4(b). Due to the interference of the two fo-
cal fields in the overlapping focal region, a standing wave
is formed as Fig.4(c). If the top beam and the bottom
beam have exactly the same radially polarized pupil field
except a pi phase difference, the transverse field of the
two focii interfere destructively at the focal plane, but
the longitudinal electric field Ez are in phase. This leads
to a pure spherical electric dipole moment excitation[27]
with no contribution of electric quadruple moment com-
pared to the case of the single focused radially polarized
beam as can be seen in Fig.1(b). For the the case of
the two counter propagating radially polarized beams at
λ = 464nm, the scattering power of the particle is ex-
actly zero with no perturbation on the focal field outside
the particle as can be clearly seen in Fig.4(d). However,
the internal energy is still 8 times higher than the focal
energy in the same region when the particle is absent,
implying that an induced current is excited but does not
radiate at all, i.e. an ideal radiationless anapole mode is
excited with this configuration.
In summary, we demonstrate that it is possible to excite
the anapole mode of an isotropic high index dielectric
nanosphere by illumination with tightly focused radially
polarized beams. With a single focused beam excitation,
the anapole dipole mode can be excited but there is still
a weak contribution of electric quadruple radiation in the
total scattering power. However, it can be suppressed can
an ideal radiationless anapole can be excited with a 4pi
configuration, where the two conter-propagating radially
polarized beams have the same amplitude but a pi phase
difference. This approach shows for the first time how
a radiationless anapole mode can be realized inside the
un-engineered isotropic spherical Mie particle. This not
only gives us a deeper understanding the physics of the
non-scattering objects and nonradiating sources but may
also enables applications like non-invasive sensing, sup-
pression of spurious scattering, design of invisible object
and optical switches where the scattering can be swtiched
on and off with the anapole mode.
[1] C.M. Ho and R.J. Scherrer, Phys. Lett. B 722, 341
(2013).
[2] M. Kerker, J. Opt. Soc. AmB 65, 376 (1975).
[3] A.J. Devaney and E. Wolf, Phys. Rev. D 8, 1044 (1973).
[4] K. Kim and E. Wolf, Opt. Commun. 59, 1 (1986).
[5] E. Wolf and T. Habashy, J. Mod. Opt. 40, 785 (1993).
[6] G. Gbur, Nonradiating sources and the inverse source
problem, Ph.D. thesis, University of Rochester, Rochester
(2001).
[7] P. Ehrenfest, Phys. Z 11, 708 (1910).
[8] G.A. Schott, Philos. Mag. 7, 752 (1933).
[9] G.H. Goedecke, Phys. Rev. 135, B281 (1964).
[10] D. Bohm and M. Weinstein, Phys. Rev. 74, 1789 (1948).
[11] B.J. Hoenders, J. Opt. Soc. AmA 14, 262 (1997).
[12] U. Leonhardt, Science 312, 1777 (1993).
[13] Y.a.B. Zel’dovich, Zh. Eksp. Teor. Fiz 33, 1531 (1957).
[14] V.M. Dubovik and V.V. Tugushev, Phys. Rep. 4, 145
(1990).
[15] G.N. Afanasiev and Y.u.p. Stepanovsky, J. Phy. A: Math.
Gen. 8, 4565 (1995).
[16] T. Kaelberer, V.A. Fedotov, N. Papasimakis, D.P. Tsai
and N.I. Zhueludev, Science 330, 1510 (2010).
[17] V.A. Fedotov, V. Rogacheva, V. Savinov, D.P. Tsai and
N.I. Zhueludev, Scientific Rep. 3, 2967 (2013).
[18] A.E. Miroschnichenko, A.B. Evlyukhin, Y.F. Yu, R. M.
Bakker, A. Chipouline, A.I. Kuznetsov, B. Luk’yanchuk,
B.N. Chichkov and Y.S. Kivshar, Nat. Comm. 6, 8069
(2015).
[19] C.F. Bohren and D.R. Huffman, Absorption and scatter-
ing of light by small particles (Wiley-vch verlag, 1998).
[20] A.I. Kuznetsov, A.E. Miroshnichenko, Y.H. Fu, J.B.
Zhang and B. Luk’yanchuk, Magnetic Light 2, 492
(2012).
4[21] A.B. Evlyukhin, S.M. Novikov, U. Zywietz, R.L. Eriksen,
C. Reinhardt, S.I. Bozhevolnyi, and B.N. Chichkov, Nano
Lett. 12, 3479 (2012).
[22] W. Liu, B. Lei, J.H. Shi, H.J. Hu and A.E.
Miroschnichenko, J. Nanomaterials 2015, 672957 (2015).
[23] L. Novotny and B. Hecht, Principles of nano-optics
(Cambridge university press, 2012).
[24] B. Richards and E. Wolf, Proc. R. Soc. Lond. A 253, 358
(1959).
[25] X.H. Wei, A.J.H. Wachters, H.P. Urbach, J. Opt. Soc.
Am.A 24, 866 (2007).
[26] P.l. Wozniak, P. Banzer and G. Leuchs, Laser and Pho-
tonics Rev. 12, 231 (2012).
[27] T. Das, P.P. Iyer, R.A. DeCrescent and J.A. Schuller,
Phys. Rev. B 92, 241110 (2015).
[28] Z. Xi, L. Wei, A. J. L. Adam, and H. P. Urbach, Opt.
Lett. 41, 33 (2016).
